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Abstract

Oriented bicrystals of pure C11
"

MoSi
2

have been grown in a tri-arc furnace using the Czochralski technique. Two
single-crystal seeds were used to initiate the growth. Each seed had the orientation intended for one of the grains of the
bicrystals, which resulted in a 603 twist boundary on the (1 1 0) plane. Seeds were attached to a water-cooled seed rod,
which was pulled at 120 mm/h with the seed rod rotating at 45 rpm. The water-cooled copper hearth was counter-rotated
at 160 rpm. Asymmetric growth ridges associated with each seed crystal were observed during growth and con"rmed the
existence of a bicrystal. It was also found that careful alignment of the seeds was needed to keep the grain boundary from
growing out of the boule. The resulting boundary was characterized by imaging and crystallographic techniques in
a scanning electron microscope. The boundary was found to be fairly sharp and the misorientation between the grains
remained within 23 from the misorientation between the seeds. ( 1999 Elsevier Science B.V. All rights reserved.

PACS: 81.10.F; 61.72.M
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1. Introduction

Molybdenum disilicide (MoSi
2
) has the tetra-

gonal C11
"

structure and is a promising material
for high-temperature structural applications due to
its high oxidation resistance, low density compared
to nickel superalloys and high speci"c sti!ness [1].

These advantages are, however, hindered by its
poor low-temperature fracture toughness. Numer-
ous studies have been carried out using single crys-
tals and polycrystals in an attempt to understand
the reasons for this behavior. These studies found
that MoSi

2
has "ve independent slip systems and

that single crystals exhibit dislocation plasticity, in
compression, at room temperature and below
[2}4]; however, polycrystals are brittle up to
10003C [1], indicating that this material has a
`grain boundary problem.a Unfortunately, single-
crystal studies cannot address grain boundary
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Fig. 1. Geometry and crystallography of the MoSi
2

seeds used
to grow the bicrystal.

e!ects, and polycrystalline studies do not allow one
to isolate the local behavior at a given grain bound-
ary to determine the speci"c interactions between
grains. Testing of bicrystal specimens would take
advantage of all the knowledge gained in single-
crystal research, and the presence of a single grain
boundary would make it possible to isolate phe-
nomena such as strain localization, slip transmis-
sion, intergranular fracture, crack transmission
across the interface, solute segregation, etc., all in
a well-controlled system. In order to realize this
goal, bicrystal samples with controlled orientations
need to be prepared in a reliable and reproducible
manner. Bridgman techniques have been used to
grow bicrystals of intermetallics (NiAl) using
double seeds [5], using an alumina mold. Unfortu-
nately, the high melting temperature of MoSi

2
(20203C) makes using molds quite di$cult and ex-
pensive, since contamination of melt is quite di$-
cult to avoid. This article describes the procedures
used to grow oriented MoSi

2
bicrystals from the

melt using a double seed and the Czochralski tech-
nique in a tri-arc furnace with a water-cooled cop-
per hearth. These bicrystals will be used to study
the e!ects of boundaries on the mechanical proper-
ties of MoSi

2
.

2. Experimental procedure

The MoSi
2

single crystals used to prepare the
seeds were grown using the optical #oating zone
technique [6]. The desired crystallographic direc-
tions required for each seed were found using the
back-re#ection Laue technique and rectangular par-
allelopipeds with dimensions 2]5]5 mm3 were
cut using a precision diamond saw. The geometry
and the crystallography of the seeds used are shown
in Fig. 1. The boundary is on the (1 1 0) plane
common to both seeds and the growth was along
the S1 1 1T direction. This crystallographic orienta-
tion corresponds to a 603 rotation about [1 1 0] of
one seed with respect to the other, i.e., the bicrystal
should have a 603 twist boundary on the (1 1 0)
plane. This misorientation was chosen because the
growth and two lateral directions are crystallo-
graphically equivalent for the two seeds. This is
expected to produce stable grain boundaries. Both

grains should show the same growth behavior in
these directions.

The two seeds were silver-soldered to the #at end
of the water-cooled seed rod keeping the two (1 1 0)
planes together and aligning the lateral edges.
Proper alignment of the seeds in both vertical and
horizontal planes was di$cult to achieve, since
positioning the seeds on the #at end of the rod
while soldering resulted in some tilt of the S1 1 1T
axes of the seeds with respect to the growth direc-
tion.

The bicrystals were grown in a Centorr tri-arc
furnace, similar to that described in Ref. [7]. This
technique was chosen because it has been used to
grow single crystals of MoSi

2
with great success

[4]. The furnace was powered with a 300 A arc
welding power supply, using two arcs with a total
current of 125 A.

High purity, chemically cleaned Mo and Si were
arc-melted to obtain approximately 10 g of poly-
crystalline MoSi

2
with 2 at% excess Si, to compen-

sate for evaporation of this element during crystal
growth.

The polycrystalline material was melted in the
tri-arc furnace using a water-cooled copper hearth,
after evacuating and purging the chamber with
high-purity Ar at least three times, and leaving
a constant #ow of gettered Ar into the chamber
which was vented at a slight positive pressure by
using a relief valve. The melt was allowed to stabil-
ize and the hearth was rotated at 160 rpm. The
water-cooled seed rod was counter-rotated at
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Fig. 2. Setup of the tri-arc furnace for bicrystal growth.

45 rpm. The double seed was slowly brought in
contact with the molten material and was kept in
touch with the melt for a few minutes in order to
achieve a smooth solid}liquid interface and to
round the corners of the rectangular seeds. The
seed rod was then pulled at a rate of approximately
120 mm/h. An outline of the growth setup is shown
in Fig. 2. The growth process was observed with
a telescope through a welding glass shield.

The growth was stopped when either the melt
was too small or after one of the arcs extinguished.
The resulting boule was retrieved from the chamber
and the double seed was recovered by breaking it
o! the boule. The same seeds were used two more
times, while trying to improve their alignment on
the seed rod.

The fracture surfaces of the samples were exam-
ined in a JEOL 6300 FX SEM operating at 15 kV.
In addition, the back-re#ection Laue technique was
used to determine the orientation of each grain and
the position of the boundary on the fracture sur-
face. The same technique was used to cut two
samples parallel to the (0 0 1) plane of one grain,
which corresponds to the (1 11 2) plane of the other
grain. These two samples were a few millimeters
apart along the axis of one bicrystal and they were
polished to a "nish of 1 lm diamond paste, so that

they could be examined in the SEM. The sample
closer to the seed was labeled 1 and the second
sample, a few millimeters farther from the seeds,
was labeled 2. The same samples were used to
obtain electron backscattering (EBS) patterns of
the two grains in each sample. These patterns were
collected as follows. The samples were mounted at
a tilt of 70.53 in a JEOL 6400 SEM equipped with
a LaB

6
electron source. The instrument was oper-

ated at 20 kV with a beam current of about 5 nA.
Patterns were recorded using a CCD-based de-
tector that has been described previously [8]. Typi-
cal exposure times were 5 s. The patterns were
indexed using software developed at Sandia Na-
tional Laboratories, which automatically identi"es
the phase and also calculates an orientation matrix
with respect to the microscope reference frame.

3. Results and discussion

3.1. Bicrystal growth

Only two bicrystals were obtained out of the
three attempts using the same double seed. Obser-
vation of the growth process revealed that bicrys-
tals with the orientation used here developed two
growth ridges, one on each grain, on opposite sides
of the crystal. The presence of these two growth
ridges could be used to identify the presence of two
grains, since a crystal grown along a S1 1 1T direc-
tion, that resulted from one failed attempt to grow
a bicrystal, only had one growth ridge. It was found
that the misalignment of the seeds a!ected the
development of the growth ridges, since one of
them, always the one associated with the seed that
was tilted away from the melt, would curve and
"nally disappear towards the surface of the boule,
as shown schematically in Fig. 3. This behavior was
interpreted as the boule having two grains initially,
with one of them becoming smaller as the growth
progressed, until the larger grain dominated. The
longest bicrystal (approximately 1.5 cm) was ob-
tained for the best alignment of the seeds that could
be obtained, which was still a few degrees away
from the vertical direction. The growth ridges ob-
served in this case are shown in Fig. 4, for the two
sides of the bicrystal. Note that one growth ridge
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Fig. 4. Growth ridges observed in the longest bicrystal obtained. (a) Side with the dominant grain; (b) opposite side. The ridges are
indicated by arrows.

Fig. 3. Outline of the e!ect of seed misalignment on growth
ridges.

disappeared (Fig. 4b), suggesting that one grain had
"nally dominated. This was veri"ed through obser-
vations on the fracture surfaces and cross-sectional
samples.

3.2. Fracture surfaces

A typical fracture surface on the bicrystals is
shown in Fig. 5. There were two areas that could be
clearly di!erentiated. In one grain the fracture was
on the (0 0 1) plane, as expected, since this is the
cleavage plane [6,9]. This corresponds to the re-
gion with a larger area (`large graina) in Fig. 5.
There was a step separating the two regions, which

corresponds to the grain boundary, and then the
fracture morphology changed, since there were ser-
rations on the other grain, which are parallel to the
(0 0 1) plane for that grain. The presence of a rela-
tively #at fracture surface in one grain and a ser-
rated one in the other suggests that the large grain
fractured "rst along the cleavage plane and the
fracture plane deviated towards the (0 0 1) plane of
the other grain once the crack hit the boundary.

Laue patterns for each region of the fracture
surface were taken with the growth axis approxim-
ately parallel to the X-ray beam. Note in Fig. 5 that
the longitudinal direction for both grains is close to
S1 1 1T, as expected.

3.3. SEM of polished samples

The two polished samples were cut from the
same bicrystals shown in Fig. 5, such that (0 0 1)
was parallel to the surface of the large grain, where-
as (1 11 2) was the corresponding surface in the other
grain. The two samples are shown in Fig. 6. The
sample close to the double seed (Sample 1) is shown
in Fig. 6a, and Sample 2, taken from a location
farther from the seeds, is shown in Fig. 6b. Arrows
indicate the position of the grain boundary. It was
found that cracks were already present in the sam-
ples, probably as a result of the removal of the seeds
or due to the sample preparation technique.

Each sample showed two distinct regions, as can
be seen in Fig. 6. One region was large and mostly
free of cracks and other features and it corresponds
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Fig. 5. Fracture surface of a MoSi
2

bicrystal with a 603 twist boundary about [1 1 0]. The arrows in the Laue patterns show
crystallographically equivalent poles in both grains. The pole towards the center of the pattern at the intersection of two major zone axes
is parallel to S1 1 1T.

to the (0 0 1) plane in the large grain. There was
a crack present on that grain in both samples, close
to the grain boundary and running approximately
parallel to it. The second region corresponds to the
smaller grain, where a series of cracks perpendicu-
lar to the interface were present. The fracture plane
for these cracks is parallel to (0 0 1).

It was thought that the cracks on the large grain
were in the boundary; however, a careful examina-
tion of both samples showed that these cracks did
not run along the grain boundary, even for regions
that were heavily cracked, as can be seen in Fig. 7.
Note that the cracks in the smaller grain ran into
the grain boundary and penetrated it; nevertheless,
the grain boundary remained intact in between
those excursions, which suggests that the grain
boundary obtained using this procedure is stronger
than the cleavage plane of this material.

3.4. Crystallographic analysis

A region around the grain boundary relatively
free of cracks was located in each sample using the
SEM and EBS patterns were obtained at both sides
of the interface, as shown in Fig. 8, where both the
image of the region selected in Sample 1 and the
indexed patterns are shown. Note that the bound-
ary seems to be sharp, given the magni"cation and
the contrast between the two grains. EBS patterns

were obtained in each grain from locations as close
as possible to the interface and then towards the
bulk of each grain at 5}7 lm intervals; the patterns
did not change. The patterns shown in Fig. 8 are
representative of those obtained in each grain. The
same was done in Sample 2 with similar results.

The software used to index the patterns obtains
the rotation tensor that relates the principal axes of
the crystal structure and the directions parallel to
the local coordinate system used. The matrices that
describe this rotation for the grains of each sample
are the following:

R(1)
4.!--

"C
0.6114 0.7909 !0.0271

!0.3779 0.3219 0.8681

0.695 !0.5204 0.4961 D
R(1)
-!3'%

"C
0.6923 0.7132 !0.1102

!0.7173 0.6968 0.0034

0.0791 0.0766 0.9939 D (1)

R(2)
4.!--

"C
0.6083 0.7836 !0.1266

!0.2921 0.3691 0.8823

0.7379 !0.4996 0.4538 D
R(2)
-!3'%

"C
0.7372 0.6522 !0.1766

!0.6552 0.7538 0.049

0.1649 0.0795 0.9831 D (2)
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Fig. 6. (a) Cross section of the bicrystal close to the initial
fracture surface (Sample 1); (b) cross section of the bicrystal
a few millimeters farther from the seeds (Sample 2).

Fig. 7. Grain boundary in a heavily cracked region in Sample 1,
imaged in the SEM.

The third row of these matrices is the normal to
the sample. The "rst row corresponds to the crys-
tallographic direction that is perpendicular to this
normal and to the electron beam. The second row is

just a direction perpendicular to the other two.
Note that the "rst two rows of the matrices corre-
sponding to each grain are di!erent for the two
samples, which is due to the fact that the specimens
were oriented di!erently with respect to the coordi-
nate system used. The third rows for both large
grains are within 103 from (0 0 1), as expected. Sim-
ilarly, the third rows for both small grains are
within 103 from (1 11 2), as it should be given the
misorientation between the grains.

The tensor describing the misorientation be-
tween the two grains can be calculated using these
matrices as follows [10]:

R(i)
4-
"(R(i)

4.!--
)~1R(i)

-!3'%
, i"1, 2. (3)

The only real eigenvector of each R(i)
4-

is the axis
common to both structures [10]. For Sample 1, the
common axis is [0.7075, 0.7062, 0.0286]T. This is
1.643 away from S1 1 0T. The common axis for
Sample 2, which was located farther from the seeds
than Sample 1, is [0.7156, 0.6984, 0.0105]T, and this
is 0.923 away from S1 1 0T. Similarly, the trace of
each R(i)

4-
can be used to obtain the angle of rotation

about the axis common to the two grains [10].
That angle is equal to 60.113 in Sample 1 and 59.243
in Sample 2. The misorientation was designed to
result in a 603 twist boundary on the (1 1 0) plane
and it can be seen that this is indeed the case of the
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Fig. 8. Region around the grain boundary of Sample 1 and the EBS patterns obtained at each grain.

resulting bicrystal, with less than two degrees of
error. Note that the misorientation remains ap-
proximately unchanged as the distance from the
double seed increases, which shows that the crystal-
lographic directions chosen for the two seeds in-
deed resulted in a more stable interface as was
assumed initially.

The fact that the boundary deviated from the
vertical direction implies that the interface was no
longer a twist boundary on the (1 1 0) plane. This is

despite the fact that the misorientation between the
grains was still the one for which the bicrystal was
designed. Note that specifying the misorientation
only "xes three of the "ve degrees of freedom re-
quired to describe a grain boundary [10], the other
two being those required to identify the normal to
the boundary plane. This normal is somewhat
independent of the misorientation. The authors
believe that the deviation of the boundary pro-
duced thermal residual stresses during growth that
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contributed to form the cracks found in the sample.
Further characterization of the grain boundary
plane is underway.

4. Conclusions

Pure MoSi
2

bicrystals with selected twin bound-
aries can be grown from the melt using conven-
tional Czochralski techniques.

The boundaries obtained corresponded to the
intended misorientation within 23 for both the axis
and the angle of rotation. The misorientation re-
mained relatively stable along the length of the
bicrystal.

Alignment of the seeds with respect to the growth
direction was not critical on obtaining bicrystals,
but it was found that a good alignment results in
longer bicrystals that can be then cut to obtain
several samples from one growth.

The boundary obtained from this procedure was
relatively sharp and no subgrains could be detected
in its vicinity. In addition, cracks impinging at the
interface resulted in transgranular fracture in
the adjacent grain, suggesting that the boundary
itself was stronger than the cleavage plane of the
material.
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